In this paper, a CFD model is used to simulate the effect of spray atomization at the compressor inlet on a multistage axial subsonic compressor. Special attention is paid to the change of compressor characteristics with wet compression under different rotating speeds to gain the compressor characteristic lines of wet compression. The effects of pneumatic crushing and blade-wall-collision on water droplets and droplet trajectories are contrasted and analyzed under different spray conditions. Then, the whole/stage-by-stage compressor performances and the flow field are also investigated under dry and wet cases near the design operating condition. The results indicate that multistage compressor performance can be improved with wet compression under the proper water spaying rate and a small droplet size. The influence of pneumatic crushing on the water droplets below 20 µm can be ignored, and the effect of blade collision on water droplets above 5 µm should be considered in the wet compression conditions. Compared to the dry compression, as measured by volume flow, wet compression with proper spaying conditions makes the front stages operate within a relatively high flow range and the back stages operate within a relatively low flow range. Additionally, the operating state with wet compression is opposite to the compressor operating near the surge boundary, which presents the phenomenon of "former surged and back blocking".
Introduction
As one of the components of the gas turbine, the consumption of the compressor accounts for 1/2 to 2/3 of the expansion work of the turbine [1] . The environmental temperature increase will inevitably lead to the air specific volume rising, density dropping, and mass flow increasing inside the gas turbine, and then make the compressor power consumption increase, the net output work, and the thermal efficiency of the gas turbine drop obviously [2] . Most of the gas turbine output power decline of about 0.54%~0.90% is due to per a 1 • C rise of the environmental temperature [3, 4] . Reducing the compressor power consumption is significant to improving the gas turbine output. Using a conventional air inlet cooling cycle and an intermediate cooling cycle can effectively improve the output power of the gas turbine, but may cause a decreasing of the efficiency [5, 6] . The wet compression technique has recently been considered an effective technique to enhance the gas turbine performance [7] . Spray atomization at inlet or inter-stage positions in the compressor results in heat and mass transfer between air/droplet two phase. It was important that the output power and thermal efficiency of the gas turbine was improved after spray cooling [8] .
A constant exchange of heat, mass, and momentum between water droplets and surrounding air occurs when the water mist is injected into the compressor. Water droplets absorb heat from the air and are vaporized to cooling surrounding air, and the water vapor then enters the air stream and forms the wet air mixture. In numerical simulation, the water droplets and wet air mixture are defined as the dispersed phase and continuous phase, respectively. The impact of two-phase coupling is based on the heat, mass, and momentum transfer equations. In this paper, the Eulerian-Lagrangian multiphase flow model was adopted to solve the two-phase coupling process. The continuous phase control equation relating to the wet air mixture was solved by the Euler method and the discrete phase control equation relating to the water droplets was solved by the Lagrangian method. The interaction between the two phases is coupled by the source term of mass, momentum, and energy. Figure 1 shows the coupling process between the dispersed phase and continuous phase in the compressor. Then, the governing equations [8, 30, 32] are written as follows: 
where, p represents the static pressure of the continuous phase and the vector F  is referred to as external body forces which represent the momentum transfer between the water droplets and wet air mixture.
The symbol τ represents the viscous shear stress tensor given by 
where, μ is the dynamic viscosity and I is the unit tensor.
(3) Energy control equation of the continuous phase 
where p represents the static pressure of the continuous phase and the vector → F is referred to as external body forces which represent the momentum transfer between the water droplets and wet air mixture.
The symbol = τ represents the viscous shear stress tensor given by
where µ is the dynamic viscosity and I is the unit tensor. 
where h t and λ are defined as the total enthalpy and thermal conductivity, respectively. S h is the heat source, which represents the energy exchange between the dispersed phase and the continuous phase. Total enthalpy h t is related to static enthalpy h, which is given by
Governing Equations of the Dispersed Phase
(1) The motion equation of the dispersed phase
where m p and → u p are defined as the mass and velocity of the water droplets, respectively. During the numerical simulation, compared to the drag force item and rotating force item, the buoyancy item → F B is so small on several orders of magnitude that it can be ignored. The effects of the virtual force and pressure gradient force are obvious in the case that there is not much difference in density between the two phases or the case that the density of the continuous phase is much larger than that of the dispersed phase, so these two items can be ignored. The motion equation of the dispersed phase in Lagrange coordinates can be simplified as follows:
The drag force item → F D and rotating force item → F R can be written as follows:
where → ω and → r are defined as the rotating speed and position vector, respectively. C D is the drag coefficient.
The Reynolds number of disperse phase is determined by an equation as follows:
where d p is the water droplet size. The Reynolds number of the dispersed phase is different in different regions and the drag coefficient C D changes along with the dispersed phase Reynolds number. Then, the value of C D can be determined by the following law:
In the viscous region, Re p < 0.1, (12) In the inertial region, 1000 ≤ Re p , C D = 0.44 (13) (2) Heat transfer equation of the dispersed phase The heat transfer equation between the continuous and discrete phases is defined as follows:
where C w represents specific water droplets, and λ is the heat conductivity of the surrounding air continuous phase. Symbols T and T p are defined as the continuous phase and discrete phase temperature, respectively. The first term on the right side of the equation represents the convective heat transfer between two phases. dm p /dt represents the mass changing rate of the droplets and h f g is the evaporating latent heat item. The second term on the right side shows the influence of latent heat of evaporation between two phases. Nu is the Nusselt number and given by
(3) Mass transfer equation of the dispersed phase The evaporation of water droplets in the compressor is largely affected by the surrounding air/wet air mixture temperature and pressure. In the different cases that water droplets are above and below the boiling state, the evaporation model is different. In this paper, the Antoine equation was used to determine the saturated pressure and the expression is log 10 p sat = A − B T + C − 273.15 (16) where A, B, and C are constant coefficients. The mass transfer in the evaporation model is related to the liquid phase temperature. Above the boiling state, the rate of mass transfer is determined by the convective heat transfer:
Below the boiling state, the rate of mass transfer equation is showed as follows:
where ρ V and D V represent the vapor density and diffusivity coefficient, respectively. M V and M are respectively representing the molecular weights of the water vapor and wet air mixture in the continuous phase. f p and f are the molar fraction of the water droplets and wet air mixture, respectively. Sh is the Sherwood number and given as follows:
Secondary Aerodynamic Breakup Model of Water Droplet
The CAB model (Cascade Atomization and Breakup) is selected to simulate the aerodynamic breakup of water droplets and it is developed from the TAB (Taylor Analogy Breakup model) model, which assumes that droplet deformation can be described as a spring-mass system of one-dimensional, forced, and damped resonance. Droplet deformation is expressed as dimensionless deformation and can be described as y = 2(x/r), where, x represents the deviation that the equatorial position of water droplets deformed compared to the original position, and r is the droplet radius and the morphological change under the action of aerodynamic breakup, as shown in Figure 2 . Assuming that the droplet viscosity is the damping force, the surface tension is the restoring force, and the pneumatic drag is the external force on the system, the droplet deformation and motion equation can be expressed as
The particle deformation-time is obtained by integrating the equation above
where,
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where, The Weber number is defined as:
The CAB model uses the same mechanism of droplet deformation as the TAB model, but the relationship of the droplet breaking process is different. The rate of child droplet generation is proportional to the amount of child droplets:
The size ratio of child to parent droplets is shown as follows:
where, br K is the breakup constant and defined as 
The child droplet inherits the vertical velocity component of the parent droplets when the parent droplets are crushed, as shown in the following equation: The Weber number is defined as:
where K br is the breakup constant and defined as 
The child droplet inherits the vertical velocity component of the parent droplets when the parent droplets are crushed, as shown in the following equation:
where A is a constant and determined by the energy balance.
Therefore, the velocity of the child droplet can be determined by the following equation:
Droplets Breakup Model When Impacting on the Blade Surface
In the process of water droplets spraying against the wall, the phenomenon of deposition, splashing, rebounding, and instantaneous evaporation may occur according to the different parameters when the droplet directly collides with the wall surface or the liquid film on the wall [33, 34] .
According to the spray impact model proposed by Bai and Gossman [34] , the impact morphology of the water droplets/blades in the compressor can be categorized as follows:
(1) Adhesion: water droplets adhere to the wall in a nearly spherical form. (2) Rebounding: water droplets bounce off the wall after hitting against it. (3) Spread: water droplets spread out on the wall to form a fluid film. (4) Splashing: several smaller droplets are formed when the water droplets collide with the wall and some remain on the wall.
We s is the Weber number of critical crushing, and is defined as:
where A W is the empirical coefficient relating to wall roughness, and La is the Laplace number and defined as follows:
In the actual situation, there are many complicated factors, such as impact angle, impact velocity, droplet size, and blade material, that influence the size and velocity distribution of new water droplets after the old droplets are crushed with the surface of the blade. In this paper, the axial velocity of the droplets is set as 50 m/s so that the phenomenon of splashing between the droplets and blade is the most violent. According to the different impacting angles, it is assumed that new droplets of a uniform size are formed after the old droplet is impinged with the blade wall proceeding from a simple consideration. The normal and tangential momentum recovery coefficient is set to 0.5 by considering the momentum loss. The equation can be written as follows:
Calculation Model

Configuration of the Compressor
In this study, an eight-stage subsonic axial compressor is taken as the research object. The compressor consists of 17 blade rows that include one row of the inlet guide vane, eight rows of the rotor blade, and eight rows of the stator blade. The number along the circumferential of the inlet guide vanes is 54, and the numbers along the circumferential of each rotor and stator blades are 43 and 60, respectively. The geometric configuration of the multistage compressor is created by CFX-Bladegen and meshed by CFX-Turbogrid, as shown in Figure 3 . In this paper, simulations of dry and wet cases were performed by using a single periodic blade passage. The tip-clearance of each rotor blade is set at a fixed value of 0.4 mm. A 12-layer O-type grid along the span-wise direction over the tip is considered and the multi-block structured grid is adopted to discretize the compressor computational domain. A high-quality H-type grid is used for the inlet and outlet domain and local grid refinement near the leading and trailing edge on the blade was adopted with a consideration of the improving calculation accuracy. According to the grid independence, the total number of grid cells is determined to be about 4.11 million, and the computational element numbers of each stage are shown in Table 1 . In this study, an eight-stage subsonic axial compressor is taken as the research object. The compressor consists of 17 blade rows that include one row of the inlet guide vane, eight rows of the rotor blade, and eight rows of the stator blade. The number along the circumferential of the inlet guide vanes is 54, and the numbers along the circumferential of each rotor and stator blades are 43 and 60, respectively. The geometric configuration of the multistage compressor is created by CFX-Bladegen and meshed by CFX-Turbogrid, as shown in Figure 3 . In this paper, simulations of dry and wet cases were performed by using a single periodic blade passage. The tip-clearance of each rotor blade is set at a fixed value of 0.4mm. A 12-layer O-type grid along the span-wise direction over the tip is considered and the multi-block structured grid is adopted to discretize the compressor computational domain. A high-quality H-type grid is used for the inlet and outlet domain and local grid refinement near the leading and trailing edge on the blade was adopted with a consideration of the improving calculation accuracy. According to the grid independence, the total number of grid cells is determined to be about 4.11 million, and the computational element numbers of each stage are shown in Table 1 . The effects of mesh size on the computational results are evaluated. The average static pressure at the compressor exit is set to 343,000 Pa. The medium mesh has 4.11 million grid cells, whereas the fine mesh examined has 9.25 million elements. The mass averaged total pressure is calculated at the compressor outlet along its span. The grid sensitivity has been studied by evaluating the total pressure at the compressor exit along its span, as shown in Figure 4 . The maximum difference between the calculated values of total pressure using two different mesh sizes examined for the eight-stage compressor geometry is only 0.1%. Therefore, the two baseline meshes are considered sufficiently refined in order to obtain results which are independent of the grid size. To minimize the computational time, the medium mesh has been used for considering the eight-stage compressor in this study. The effects of mesh size on the computational results are evaluated. The average static pressure at the compressor exit is set to 343000Pa. The medium mesh has 4.11 million grid cells, whereas the fine mesh examined has 9.25 million elements. The mass averaged total pressure is calculated at the compressor outlet along its span. The grid sensitivity has been studied by evaluating the total pressure at the compressor exit along its span, as shown in Figure 4 . The maximum difference between the calculated values of total pressure using two different mesh sizes examined for the eight-stage compressor geometry is only 0.1%. Therefore, the two baseline meshes are considered sufficiently refined in order to obtain results which are independent of the grid size. To minimize the computational time, the medium mesh has been used for considering the eight-stage compressor in this study. 
Turbulence Model and Boundary Conditions
The standard κ-ε turbulence model [32, 33] is adopted to calculate the turbulent in this study, which is a two-path turbulence model proposed by Launder and Spalding [35] in 1972. The model has a good stability and computation accuracy advantage, so is widely used in engineering calculations.
There is a large velocity gradient in the normal direction of the fluid near the wall flow and two methods are usually used to calculate the flow field near the wall area. One uses the wall-function method and the other encrypts the grid near the wall area. Selection of the two methods should be judged by the dimensionless wall distance parameter y + , and the equation of y + is as follows:
is the friction velocity; ω τ is the wall shear stress; y Δ is the wall distance; and ρ and μ represent the density and dynamic viscosity coefficient of the fluid, respectively.
The region of y + < 5 at the boundary layer is called the viscous sub-layer and is usually used with the encrypting grid near wall area, which requires a large amount of calculation [36] . In this paper, the wall-function method that is widely used in industrial flow problems is adopted instead of paying attention to the details of the viscous sub-layer and 30 < y + < 300. The Scalable wall functions can be consistent solutions for any encrypted grid and avoid the deterioration of computing results when y + < 15 [37] . 
where u τ = τ ω /ρ is the friction velocity; τ ω is the wall shear stress; ∆y is the wall distance; and ρ and µ represent the density and dynamic viscosity coefficient of the fluid, respectively. The region of y + < 5 at the boundary layer is called the viscous sub-layer and is usually used with the encrypting grid near wall area, which requires a large amount of calculation [36] . In this paper, the wall-function method that is widely used in industrial flow problems is adopted instead of paying attention to the details of the viscous sub-layer and 30 < y + < 300. The Scalable wall functions can be consistent solutions for any encrypted grid and avoid the deterioration of computing results when y + < 15 [37] . The total pressure and total temperature at the inlet and the circumferential averaged static pressure at the outlet are given in the boundary conditions of the eight-stage axial compressor. Before spray, the mass flow rate of dry air is 44 kg/s and the total pressure ratio is 4.03 when the compressor operates at the design point. No slip and adiabatic conditions are specified on the hub, shroud, and blade wall. The mixing approximation method is used to exchange the data of interfaces between two adjacent domains in the steady simulation. For the wet cases, water injects at the compressor inlet in the form of a random position and the water diameter distribution follows the regular one of Rosin-Rammler. The injecting rate is defined as the ratio of the mass flow rate of water mist to that of dry air. Details of the boundary conditions are given in Table 2 above. 
Results and Discussions
A suitable turbulence model should be selected carefully to simulate the complicated turbulent flows accurately in the multistage axial subsonic compressor. The κ-ε turbulence model is chosen for its extensive validation in a wide range of flows, with the scalable wall function for the treatment of the near-wall flow regions, as shown in Figure 5 .
It can be seen that under 6180 rpm, the total pressure ratio shows a small difference in the whole mass flow region. The performance of the left line near the stall condition of the κ-ε model is consistent with the experimental data and the performance of the right line near the chocking condition is also compatible due to a very small difference in mass flow. Thus, the numerical results are considered to be in reasonably good agreement with the available actual compressor performances and the κ-ε turbulence model for numerical computation is reasonable in this study. The total pressure and total temperature at the inlet and the circumferential averaged static pressure at the outlet are given in the boundary conditions of the eight-stage axial compressor. Before spray, the mass flow rate of dry air is 44 kg/s and the total pressure ratio is 4.03 when the compressor operates at the design point. No slip and adiabatic conditions are specified on the hub, shroud, and blade wall. The mixing approximation method is used to exchange the data of interfaces between two adjacent domains in the steady simulation. For the wet cases, water injects at the compressor inlet in the form of a random position and the water diameter distribution follows the regular one of Rosin-Rammler. The injecting rate is defined as the ratio of the mass flow rate of water mist to that of dry air. Details of the boundary conditions are given in Table 2 above. 
It can be seen that under 6180 rpm, the total pressure ratio shows a small difference in the whole mass flow region. The performance of the left line near the stall condition of the κ-ε model is consistent with the experimental data and the performance of the right line near the chocking condition is also compatible due to a very small difference in mass flow. Thus, the numerical results are considered to be in reasonably good agreement with the available actual compressor performances and the κ-ε turbulence model for numerical computation is reasonable in this study. In this numerical simulation study, it is assumed that the water droplets are impinged with the blade surface and then break into small droplets (the droplets impacting angle described in section 2.3 was mainly considered in the method of discrete phase impacting on the blade wall). When In this numerical simulation study, it is assumed that the water droplets are impinged with the blade surface and then break into small droplets (the droplets impacting angle described in Section 2.3 was mainly considered in the method of discrete phase impacting on the blade wall). When considering the water droplets momentum loss during the process of droplets impact on the blade surface, the perpendicular and parallel coefficients were set to 0.5. The CAB model described in Section 2.2 using one of the secondary aerodynamic breakup models is adopted in this paper.
The Influence of Wet Compression Under the Different Working Condition
The dry and wet compression characteristics of the multistage compressor under different rotational speeds are analyzed in this section. The rotational speed range is selected to be between a 60% and 100% rotating speed. In the wet compression simulation part, it is assumed that the average water droplet size is 10 µm, the injecting flowrate is 1 percent of the inlet mass flow rate, the water injection velocity is 50 m/s, and the initial temperature is 298.15 K. Figure 6 shows that the outlet/inlet total temperature ratio changes with mass flow rate in dry and wet compression cases under different rational speeds. Flow normalization is carried out according to that value of design point in this figure and following several figures. As shown in this figure, it can be seen that all the wet compression temperature ratio characteristic lines are below the dry conditions under different rotating speeds and the evaporative cooling effect of the water droplets is fully reflected under the compression process. To determine the chocking flow and rotating stall conditions by a numerical solution, the calculation starts with the lowest stator outlet static pressure so the calculated flowrate is close to the measured maximum flowrate under this condition and this operating point can be defined as the chocking flow point. Then, the stator outlet static pressure is increased step-by-step until the calculation cannot go on, so the rotating stall point can be found using this method.
As is shown in the figure, the difference value of temperature ratio between the wet case and dry case near the rotating stall condition is higher than near the chocking boundary, so that compared to other operating conditions, the evaporative cooling is the most effective near the rotating stall boundary. At a 90% design rotational speed, the values of the temperature ratio for the dry and wet case near the rotating stall point are 1.524 and 1.406, respectively. Compared to the dry case, with of temperature ratio value 1.468 under the case of mass flowrate 40 kg/s, the wet case value decreased by 0.094 and this means that the outlet temperature dropped by 28.5 K. Additionally, the temperature ratio value dropped by only 0.086 (outlet temperature dropped by 26 K when using wet compression) near the chocking boundary at a 90% design rotational speed. The values of the temperature ratio near the rotating stall boundary at a 100%, 80%, 70%, and 60% design rotating speed are 0.127, 0.106, 0.093, and 0.084, respectively, which can be translated into the temperature difference values (38.5 K, 32.1 K, 28.2 K, and 25.5 K, respectively) between the dry and wet case at the compressor outlet. considering the water droplets momentum loss during the process of droplets impact on the blade surface, the perpendicular and parallel coefficients were set to 0.5. The CAB model described in section 2.2 using one of the secondary aerodynamic breakup models is adopted in this paper.
The dry and wet compression characteristics of the multistage compressor under different rotational speeds are analyzed in this section. The rotational speed range is selected to be between a 60% and 100% rotating speed. In the wet compression simulation part, it is assumed that the average water droplet size is 10μm, the injecting flowrate is 1 percent of the inlet mass flow rate, the water injection velocity is 50m/s, and the initial temperature is 298.15K. Figure 6 shows that the outlet/inlet total temperature ratio changes with mass flow rate in dry and wet compression cases under different rational speeds. Flow normalization is carried out according to that value of design point in this figure and following several figures. As shown in this figure, it can be seen that all the wet compression temperature ratio characteristic lines are below the dry conditions under different rotating speeds and the evaporative cooling effect of the water droplets is fully reflected under the compression process. To determine the chocking flow and rotating stall conditions by a numerical solution, the calculation starts with the lowest stator outlet static pressure so the calculated flowrate is close to the measured maximum flowrate under this condition and this operating point can be defined as the chocking flow point. Then, the stator outlet static pressure is increased step-by-step until the calculation cannot go on, so the rotating stall point can be found using this method.
As is shown in the figure, the difference value of temperature ratio between the wet case and dry case near the rotating stall condition is higher than near the chocking boundary, so that compared to other operating conditions, the evaporative cooling is the most effective near the rotating stall boundary. At a 90% design rotational speed, the values of the temperature ratio for the dry and wet case near the rotating stall point are 1.524 and 1.406, respectively. Compared to the dry case, with of temperature ratio value 1.468 under the case of mass flowrate 40kg/s, the wet case value decreased by 0.094 and this means that the outlet temperature dropped by 28.5K. Additionally, the temperature ratio value dropped by only 0.086 (outlet temperature dropped by 26K when using wet compression) near the chocking boundary at a 90% design rotational speed. The values of the temperature ratio near the rotating stall boundary at a 100%, 80%, 70%, and 60% design rotating speed are 0.127, 0.106, 0.093, and 0.084, respectively, which can be translated into the temperature difference values (38.5K, 32.1 K, 28.2 K, and 25.5 K, respectively) between the dry and wet case at the compressor outlet. The total pressure ratio can be improved due to the water droplets evaporation. As shown in Figure 7 , spraying water droplets cannot change the tendency of the compressor characteristic line The total pressure ratio can be improved due to the water droplets evaporation. As shown in Figure 7 , spraying water droplets cannot change the tendency of the compressor characteristic line and wet compression characteristic to follow the general rule of the compressor characteristic line. It can be seen that all the total pressure ratio characteristic lines are above the dry conditions under different rotating speeds due to the effect of the droplets evaporative cooling. Compared to the dry case, the improvement values of the total pressure ratio under a 100%, 90%, 80%, 70%, and 60% design rotating speed can reach 0.07, 0.057, 0.044, 0.038, and 0.031, respectively. In this figure, it can be seen that the total pressure ratio can be improved by spraying small size droplets under the same flow rate with the dry case. That is to say, employing the same pressure ratio, the wet compression can bring more air into the compressor than the dry compression. The evaporating cooling effect can be improved with the increasing rotating speed so that inlet mass flow improvement under the influence of droplet spraying at a high rotating speed is larger than that at a low rotating speed. For the same rotating speed characteristic line, such as the dry and wet case under a 100% rotating speed, the inlet mass flow improvement with droplet injection near the rotating stall point is larger than that near the chocking boundary. Compared to the dry case, the mass flow improvement values near the rotating stall and chocking boundary under a 100% rotating speed are about 2.102 kg/s and 0.281 kg/s, respectively, and near the stall boundary at a 90%, 80%, 70%, and 60% rotating speed, the improvement values can reach 2.03 kg/s, 1.91 kg/s, 1.08 kg/s, and 0.35 kg/s, respectively.
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Movement and Evaporation of Water Droplets in the Multistage Axial Compressor
In this part, in order to study the movement and evaporation of water droplets inside the compressor, the droplet injecting position is stetted from a 50% span at the inlet and the injecting mass flow rate is 0.5% inlet air mass flow for the different water droplet size groups. Figure 11 shows the trajectories for a droplet size of 5 µm under different design rotating speeds, considering the wall breakup model for droplets impinged with the blade. It can be seen that water droplets evaporate gradually and have a regular distribution along the axial direction, indicating that small size droplets can better follow the airflow. Although a water droplet size of 5 µm can evaporate completely at the compressor outlet under different design rotating speeds, the evaporation effect is quite different. As shown in the figure, the higher the rotating speed, the higher the position of droplets that evaporate completely. This is due to the fact that a higher rotating speed has a larger pressure ratio and temperature ratio in the compressor, signifying a higher air/droplet turbulent fluctuation to contribute to the droplet evaporation efficiency. Simultaneously, since a higher centrifugal force can also result in a larger air/droplet velocity and a stronger turbulence fluctuation, the droplet evaporation efficiency at a high position is higher than that at a low position.
Trajectories of three groups with the same droplet size of 5 µm are presented in Figure 12 . Figure 12a ,c show the water droplets trajectories with no broken models, only the aerodynamic breakup model, and only droplets-blade wall breakup model, respectively. It can be seen that there is almost no difference in Figure 12a ,b. That is to say, the influence of aerodynamic breakup is relatively weaker, so the water evaporation and movement display almost no change when the droplet size is 5 µm. From Figure 12a ,c, water droplets vaporize completely in the front of the eighth rotor row of the compressor. When comparing before and after adding the wall breakup model, the effect of evaporation cooling is relatively larger in the case of adding the wall breakup model due to the droplets crushing phenomenon. It can also be seen that the influence of aerodynamic crushing can be ignored because of the injecting droplet size being so small in the compression process. Similar results can be found in Figure 13a -c. The large size of droplets cannot follow the airflow very well and the trend of radial movement increases stage-by-stage due to the large size. The effect of aerodynamic crushing can be ignored and the influence of droplets impinged with the blade surface should be considered so that, to a certain degree, it can affect the droplet evaporation in the whole flow channel. It can also be seen that the radial migration quantity decreased with the decreasing droplet size, so that most of the smaller size droplets remained in the flow path; that is to say, the evaporation cumulative effects of smaller size droplets can produce a better result than that of larger size droplets.
droplets
the droplet evaporation efficiency. Simultaneously, since a higher centrifugal force can also result in a larger air/droplet velocity and a stronger turbulence fluctuation, the droplet evaporation efficiency at a high position is higher than that at a low position. Trajectories of three groups with the same droplet size of 5μm are presented in Figure 12 . Figure 12a ,c show the water droplets trajectories with no broken models, only the aerodynamic breakup model, and only droplets-blade wall breakup model, respectively. It can be seen that there is almost no difference in Figure 12a ,b. That is to say, the influence of aerodynamic breakup is relatively weaker, so the water evaporation and movement display almost no change when the droplet size is 5 μm . From Figures 12a,c , water droplets vaporize completely in the front of the eighth rotor row of the compressor. When comparing before and after adding the wall breakup model, the effect of evaporation cooling is relatively larger in the case of adding the wall breakup model due to the droplets crushing phenomenon. It can also be seen that the influence of aerodynamic crushing can be ignored because of the injecting droplet size being so small in the compression process. Similar results can be found in Figure 13a -c. The large size of droplets cannot follow the airflow very well and the trend of radial movement increases stage-by-stage due to the large size. The effect of aerodynamic crushing can be ignored and the influence of droplets impinged with the blade surface should be considered so that, to a certain degree, it can affect the droplet evaporation in the whole flow channel. It can also be seen that the radial migration quantity decreased with the decreasing droplet size, so that most of the smaller size droplets remained in the flow path; that is to say, the evaporation cumulative effects of smaller size droplets can produce a better result than that of larger size droplets. Figure 14 presents the droplet trajectories for three droplet sizes of 5 μm, 10 μm, and 20 μm with no breaking models, only the aerodynamic breakup model, and only the droplets-blade wall breakup model, respectively. As depicted in the figure, with no breaking model ( Figure 14a ) and with only the aerodynamic breakup model (Figure 14b ), a larger amount of large particle sizes evaporated incompletely in the compressor, signifying a weak droplet evaporation efficiency for these cases. However, the flow field considered with only the droplets-wall breakup model ( Figure  14c ) presents a higher droplet evaporation efficiency. This phenomenon can be ascribed to the fact that large droplets are more readily being caught by the end wall, and large droplets then break into small droplets to increase the droplet surface area of evaporation. 
Compressor Performance Analysis at the Design Operating Condition With Different Wet Compression Cases
The effect of water injection at the design operating point has been studied in this part. Total pressure and total temperature boundary are given at the inlet of the compressor and the average static pressure (the value is given according to the air mass flow rate of 44kg/s) is given at the outlet of the compressor. The simulations of wet compression are implemented at the inlet for different droplet sizes of 5 μm, 10 μm, and 20 μm, the injecting rate ranges from 0.5% to 3% and increases by a 0.5% inlet mass flow rate, and the injecting velocity is 50m/s. The aerodynamic breakup model and (Figure 14b ), a larger amount of large particle sizes evaporated incompletely in the compressor, signifying a weak droplet evaporation efficiency for these cases. However, the flow field considered with only the droplets-wall breakup model (Figure 14c ) presents a higher droplet evaporation efficiency. This phenomenon can be ascribed to the fact that large droplets are more readily being caught by the end wall, and large droplets then break into small droplets to increase the droplet surface area of evaporation. Figure 14 presents the droplet trajectories for three droplet sizes of 5 μm, 10 μm, and 20 μm with no breaking models, only the aerodynamic breakup model, and only the droplets-blade wall breakup model, respectively. As depicted in the figure, with no breaking model ( Figure 14a ) and with only the aerodynamic breakup model (Figure 14b ), a larger amount of large particle sizes evaporated incompletely in the compressor, signifying a weak droplet evaporation efficiency for these cases. However, the flow field considered with only the droplets-wall breakup model ( Figure  14c ) presents a higher droplet evaporation efficiency. This phenomenon can be ascribed to the fact that large droplets are more readily being caught by the end wall, and large droplets then break into small droplets to increase the droplet surface area of evaporation. 
The effect of water injection at the design operating point has been studied in this part. Total pressure and total temperature boundary are given at the inlet of the compressor and the average static pressure (the value is given according to the air mass flow rate of 44kg/s) is given at the outlet of the compressor. The simulations of wet compression are implemented at the inlet for different droplet sizes of 5 μm, 10 μm, and 20 μm, the injecting rate ranges from 0.5% to 3% and increases by a Figure 14 . Three group of droplets trajectories inject from inlet 50% span under 90% rotating speed.
Compressor Performance Analysis at the Design Operating Condition with Different Wet Compression Cases
The effect of water injection at the design operating point has been studied in this part. Total pressure and total temperature boundary are given at the inlet of the compressor and the average static pressure (the value is given according to the air mass flow rate of 44 kg/s) is given at the outlet of the compressor. The simulations of wet compression are implemented at the inlet for different droplet sizes of 5 µm, 10 µm, and 20 µm, the injecting rate ranges from 0.5% to 3% and increases by a 0.5% inlet mass flow rate, and the injecting velocity is 50 m/s. The aerodynamic breakup model and droplets-blade wall breakup model are considered in this simulation. Figure 15 shows the outlet temperature changing with the different wet compression conditions. It can obviously be seen that the evaporation cooling effect improves with the increasing water injecting rate and the decreasing droplet size so that the outlet temperature can be largely reduced by the wet case of the small droplet size and large injecting rate. Compared to the dry case, the compressor outlet total temperature reduces by 22 K, 42 K, 78 K, and 105 K for the wet case with a droplet size of 5 µm and injecting rates of 0.5%, 1%, 2%, and 3%, respectively. It can also be seen that the droplets number increases with the increasing droplet injecting rate, so the lost energy of airflow that carries droplets and impinged with the blade surface increases largely. The curvature decreases with the increase of the injecting rate, showing that the temperature dropping level in the flow path decreases by the effect of those cases. the droplets number increases with the increasing droplet injecting rate, so the lost energy of airflow that carries droplets and impinged with the blade surface increases largely. The curvature decreases with the increase of the injecting rate, showing that the temperature dropping level in the flow path decreases by the effect of those cases. Figure 16 shows the compressor inlet air mass flow rate with different wet compression conditions. The inlet mass flow rate for the dry case is 44 kg/s. Although the inlet mass flow increases with the increasing injecting rate, the ascending range decreases. Compared to the dry case, the inlet mass flow for the wet cases with the droplet size 20μm and injecting rates of 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%, increases by 1.27%, 2.01%, 2.52%, 2.82%, 2.74%, and 2.55%, respectively. Compared to the wet case with a droplet size 20 μm and injecting rate of 2%, increasing the injecting rate results in the inlet mass flowrate presenting a decreasing trend because of the inert resistance of the larger size droplets and the evaporation effect is relatively small. These phenomena can mainly be ascribed to the fact that, after water injection into the compressor, the temperature of air decreases, resulting in an enhancement in the air density, which in turn increases the mass flow that can enter into the compressor. Then, an increment in mass flow at the compressor inlet is dependent on the decreasing amount of air temperature. Thus, the inlet mass flowrate for small droplets is higher than for large droplets. Figure 16 shows the compressor inlet air mass flow rate with different wet compression conditions. The inlet mass flow rate for the dry case is 44 kg/s. Although the inlet mass flow increases with the increasing injecting rate, the ascending range decreases. Compared to the dry case, the inlet mass flow for the wet cases with the droplet size 20 µm and injecting rates of 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%, increases by 1.27%, 2.01%, 2.52%, 2.82%, 2.74%, and 2.55%, respectively. Compared to the wet case with a droplet size 20 µm and injecting rate of 2%, increasing the injecting rate results in the inlet mass flowrate presenting a decreasing trend because of the inert resistance of the larger size droplets and the evaporation effect is relatively small. These phenomena can mainly be ascribed to the fact that, after water injection into the compressor, the temperature of air decreases, resulting in an enhancement in the air density, which in turn increases the mass flow that can enter into the compressor. Then, an increment in mass flow at the compressor inlet is dependent on the decreasing amount of air temperature. Thus, the inlet mass flowrate for small droplets is higher than for large droplets.
the larger size droplets and the evaporation effect is relatively small. These phenomena can mainly be ascribed to the fact that, after water injection into the compressor, the temperature of air decreases, resulting in an enhancement in the air density, which in turn increases the mass flow that can enter into the compressor. Then, an increment in mass flow at the compressor inlet is dependent on the decreasing amount of air temperature. Thus, the inlet mass flowrate for small droplets is higher than for large droplets. The total pressure ratio for dry and wet cases is shown in Figure 17 . It can be seen that for the same injecting rate, a smaller droplet size can obtain a relatively large total pressure ratio. Compared to the dry case value of 4.135, the wet compression total pressure ratio for the injecting rate of 1% and droplet sizes of 20 µm, 10 µm, and 5 µm, can reach 4.138, 4.141, and 4.147, respectively. The change of total pressure ratio with wet compression should be balanced among the following factors: the positive effects of evaporation cooling of the droplets, and the negative effects of particles resistance and droplet impinged with blade wall. When the water injecting rate reaches a certain degree (for example, wet cases with a droplet size 20 µm, and an injecting rate of 2.5% and 3%), the negative effects of the droplet's inert resistance and droplets impinged with the blade surface are larger than the effect of evaporation cooling, so the total pressure decreases. The total pressure ratio for dry and wet cases is shown in Figure 17 . It can be seen that for the same injecting rate, a smaller droplet size can obtain a relatively large total pressure ratio. Compared to the dry case value of 4.135, the wet compression total pressure ratio for the injecting rate of 1% and droplet sizes of 20 μm, 10 μm, and 5 μm, can reach 4.138, 4.141, and 4.147, respectively. The change of total pressure ratio with wet compression should be balanced among the following factors: the positive effects of evaporation cooling of the droplets, and the negative effects of particles resistance and droplet impinged with blade wall. When the water injecting rate reaches a certain degree (for example, wet cases with a droplet size 20 μm, and an injecting rate of 2.5% and 3%), the negative effects of the droplet's inert resistance and droplets impinged with the blade surface are larger than the effect of evaporation cooling, so the total pressure decreases. As shown in Figure 18 , the change tendency of the compressor specific work under different water injection conditions can be seen. Compared to the dry case, whose specific work value is 186.26 kJ/kg, the specific work value for the wet cases of the injecting rate 2%, with a droplet size of 20 μm, 10 μm, and 5μm, can reach 181.61 kJ/kg, 178.81 kJ/kg, and 177.11 kJ/kg, respectively. The value can be reduced to 184.61 kJ/kg, 182.99 kJ/kg, and 181.61 kJ/kg for the wet cases with a droplet size 20μm, and injecting rates of 0.5%, 1%, and 2%, respectively. From this figure, it can also be seen that the tendency of compressor specific work begins to increase when the water injecting rate surpasses 2%. It can be judged that the change of compressor specific work is determined by the degree of temperature drop brought about by water droplet evaporation, the increased value of enthalpy in the phase change process, and water inert factors. A relatively large water droplet size and injecting amount may lead to the increase of specific work because the water inert factors, such as the effect of airflow transpiration, aerodynamic breakup, and impinged with the blade wall, are relatively large. As shown in Figure 18 , the change tendency of the compressor specific work under different water injection conditions can be seen. Compared to the dry case, whose specific work value is 186.26 kJ/kg, the specific work value for the wet cases of the injecting rate 2%, with a droplet size of 20 µm, 10 µm, and 5 µm, can reach 181.61 kJ/kg, 178.81 kJ/kg, and 177.11 kJ/kg, respectively. The value can be reduced to 184.61 kJ/kg, 182.99 kJ/kg, and 181.61 kJ/kg for the wet cases with a droplet size 20 µm, and injecting rates of 0.5%, 1%, and 2%, respectively. From this figure, it can also be seen that the tendency of compressor specific work begins to increase when the water injecting rate surpasses 2%. It can be judged that the change of compressor specific work is determined by the degree of temperature drop brought about by water droplet evaporation, the increased value of enthalpy in the phase change process, and water inert factors. A relatively large water droplet size and injecting amount may lead to the increase of specific work because the water inert factors, such as the effect of airflow transpiration, aerodynamic breakup, and impinged with the blade wall, are relatively large.
value can be reduced to 184.61 kJ/kg, 182.99 kJ/kg, and 181.61 kJ/kg for the wet cases with a droplet size 20μm, and injecting rates of 0.5%, 1%, and 2%, respectively. From this figure, it can also be seen that the tendency of compressor specific work begins to increase when the water injecting rate surpasses 2%. It can be judged that the change of compressor specific work is determined by the degree of temperature drop brought about by water droplet evaporation, the increased value of enthalpy in the phase change process, and water inert factors. A relatively large water droplet size and injecting amount may lead to the increase of specific work because the water inert factors, such as the effect of airflow transpiration, aerodynamic breakup, and impinged with the blade wall, are relatively large. Figure 19 shows the change of adiabatic efficiency with wet compression cases. The efficiency increases remarkably with the decreasing droplet size (compared to the dry case, the efficiency increasing values for the wet cases with an injecting rate of 2% and the droplet size of 20 µm, 10 µm, and 5 µm, can be improved by 1.52%, 2.74%, and 3.33%, respectively). For the same droplet size, the tendency of the efficiency curve is first increasing and then decreasing with an increasing injecting rate (compared to the dry case, the efficiency increasing values for the wet cases with a droplet size of 10 µm, and an injecting rate of 0.5%, 1%, 1.5%, 2%, and 3%, can reach 1.32%, 1.99%, 2.54%, 2.76%, and 2.63%, respectively). Figure 19 shows the change of adiabatic efficiency with wet compression cases. The efficiency increases remarkably with the decreasing droplet size (compared to the dry case, the efficiency increasing values for the wet cases with an injecting rate of 2% and the droplet size of 20μm, 10μm, and 5μm, can be improved by 1.52%, 2.74%, and 3.33%, respectively). For the same droplet size, the tendency of the efficiency curve is first increasing and then decreasing with an increasing injecting rate (compared to the dry case, the efficiency increasing values for the wet cases with a droplet size of 10μm, and an injecting rate of 0.5%, 1%, 1.5%, 2%, and 3%, can reach 1.32%, 1.99%, 2.54%, 2.76%, and 2.63%, respectively). Figure 20 shows the temperature contours of a 50% span for the dry and different wet cases. It can be seen that the evaporation cooling effect of the water droplet is well represented during the whole compression process and the cooling effect can be improved with the decreasing of droplet size and increasing of the water injecting rate. In the front stages, the temperature is relatively lower, the evaporation cooling effect of the water droplet is relatively weaker, and the loss caused by airflow transpiration and droplets impinged with the blade wall is relatively large, so the cooling effect is not obvious. In the back stages, the decreasing temperature along the flow field can be sufficiently represented due to the large evaporation cooling effect of water droplets. Figure 20 shows the temperature contours of a 50% span for the dry and different wet cases. It can be seen that the evaporation cooling effect of the water droplet is well represented during the whole compression process and the cooling effect can be improved with the decreasing of droplet size and increasing of the water injecting rate. In the front stages, the temperature is relatively lower, the evaporation cooling effect of the water droplet is relatively weaker, and the loss caused by airflow transpiration and droplets impinged with the blade wall is relatively large, so the cooling effect is not obvious. In the back stages, the decreasing temperature along the flow field can be sufficiently represented due to the large evaporation cooling effect of water droplets. Figure 20 shows the temperature contours of a 50% span for the dry and different wet cases. It can be seen that the evaporation cooling effect of the water droplet is well represented during the whole compression process and the cooling effect can be improved with the decreasing of droplet size and increasing of the water injecting rate. In the front stages, the temperature is relatively lower, the evaporation cooling effect of the water droplet is relatively weaker, and the loss caused by airflow transpiration and droplets impinged with the blade wall is relatively large, so the cooling effect is not obvious. In the back stages, the decreasing temperature along the flow field can be sufficiently represented due to the large evaporation cooling effect of water droplets. Figures 21 and 22 show the Mach number contours on the blade to blade surfaces of a 50% span with wet cases under different droplet sizes and water injecting rates, respectively. Compared to the dry case, the Mach number in the front stages can be improved obviously, especially nearby the leading edge of the first rotor. From Figures 21 and 22 , moreover, it can be found that a better flow field is present for small size water droplets and a large water injecting rate to decrease the Mach number. It can be noted that, within the back stages (especially for the eighth rotor), the wet case with an injecting rate of 3% (Figure 22c ) can result in a larger low-energy area nearby the trailing edge relative to 0.5% (Figure 22a ) and 2% (Figure 22b ) spray flow rates. It can be revealed that the overlarge injecting rate can lead to the formation of a low energy area, which means that the air of the front stages is not able to smoothly cross the compressor and can even block the whole flow passage. Hence, the benefit of spray flowrate on compressor characteristics is marginal, and there exists an appropriate spray flowrate. Figures 21 and 22 show the Mach number contours on the blade to blade surfaces of a 50% span with wet cases under different droplet sizes and water injecting rates, respectively. Compared to the dry case, the Mach number in the front stages can be improved obviously, especially nearby the leading edge of the first rotor. From Figures 21 and 22 , moreover, it can be found that a better flow field is present for small size water droplets and a large water injecting rate to decrease the Mach number. It can be noted that, within the back stages (especially for the eighth rotor), the wet case with an injecting rate of 3% (Figure 22c ) can result in a larger low-energy area nearby the trailing edge relative to 0.5% (Figure 22a ) and 2% (Figure 22b ) spray flow rates. It can be revealed that the overlarge injecting rate can lead to the formation of a low energy area, which means that the air of the front stages is not able to smoothly cross the compressor and can even block the whole flow passage. Hence, the benefit of spray flowrate on compressor characteristics is marginal, and there exists an appropriate spray flowrate.
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with an injecting rate of 3% (Figure 22c ) can result in a larger low-energy area nearby the trailing edge relative to 0.5% (Figure 22a) and 2% (Figure 22b) with an injecting rate of 3% (Figure 22c ) can result in a larger low-energy area nearby the trailing edge relative to 0.5% (Figure 22a) and 2% (Figure 22b) Figures 23 and 24 show the movement of streamlines on the suction surface under dry and different water injecting cases. In Figure 23 , it can be seen that the air flow condition is relatively gentle in the front three stages, but appears to separate inordinately at the rotor root from the fourth to the eighth rotor, and even injecting small size water droplets cannot restrain the occurrence of air channeling. From Figure 24 , we can see that the tendency of air channeling at the rotor blade suction surface from bottom to top, especially of the seventh and eighth rotor, becomes more acute with the increasing injecting rate. Compared to the dry case at the eighth rotor, the separated area can be enlarged to about 1/2 of the blade surface area in Figure 24c . The result indicates that the extent of pressure recovery in the back stages is relatively large as a result of the water evaporation cooling accumulative effect and the reversed pressure gradient in the back stages, so the phenomenon of air channeling at the rotor blade from bottom to top is strongly enhanced.
(a) dry case Figures 23 and 24 show the movement of streamlines on the suction surface under dry and different water injecting cases. In Figure 23 , it can be seen that the air flow condition is relatively gentle in the front three stages, but appears to separate inordinately at the rotor root from the fourth to the eighth rotor, and even injecting small size water droplets cannot restrain the occurrence of air channeling. From Figure 24 , we can see that the tendency of air channeling at the rotor blade suction surface from bottom to top, especially of the seventh and eighth rotor, becomes more acute with the increasing injecting rate. Compared to the dry case at the eighth rotor, the separated area can be enlarged to about 1/2 of the blade surface area in Figure 24c . The result indicates that the extent of pressure recovery in the back stages is relatively large as a result of the water evaporation cooling accumulative effect and the reversed pressure gradient in the back stages, so the phenomenon of air channeling at the rotor blade from bottom to top is strongly enhanced.
surface from bottom to top, especially of the seventh and eighth rotor, becomes more acute with the increasing injecting rate. Compared to the dry case at the eighth rotor, the separated area can be enlarged to about 1/2 of the blade surface area in Figure 24c . The result indicates that the extent of pressure recovery in the back stages is relatively large as a result of the water evaporation cooling accumulative effect and the reversed pressure gradient in the back stages, so the phenomenon of air channeling at the rotor blade from bottom to top is strongly enhanced. surface from bottom to top, especially of the seventh and eighth rotor, becomes more acute with the increasing injecting rate. Compared to the dry case at the eighth rotor, the separated area can be enlarged to about 1/2 of the blade surface area in Figure 24c . The result indicates that the extent of pressure recovery in the back stages is relatively large as a result of the water evaporation cooling accumulative effect and the reversed pressure gradient in the back stages, so the phenomenon of air channeling at the rotor blade from bottom to top is strongly enhanced. 
Compressor Stage-by-Stage Performance at the Design Operating Condition with Different Wet Compression Cases
The water droplet evaporation process is progressive in the multi-stage compressor. According to the different wet compression conditions, injecting water droplets can bring losses to a different extent. At the initial injecting time, the vaporization is relatively weak and there are so many unevaporated droplets with a very large size in the front stages that can bring about a large loss, such as resistance loss (the loss of airflow velocity) caused by the drag of droplets on the air flow and droplet-blade wall-impinged loss. The water droplets evaporation effect is relatively large in the back stages, the amount of evaporation drops is much higher in the back stages than in the front stages, and even initial injecting of a relatively small size is completely evaporated before the position of the compressor outlet. Whether injecting water droplets can improve the performance of a multi-stage compressor is determined by the evaporation cooling effect and the loss that droplets bring. Figures 25 and 26 present the total temperature along the flow direction under different wet The water droplet evaporation process is progressive in the multi-stage compressor. According to the different wet compression conditions, injecting water droplets can bring losses to a different extent. At the initial injecting time, the vaporization is relatively weak and there are so many unevaporated droplets with a very large size in the front stages that can bring about a large loss, such as resistance loss (the loss of airflow velocity) caused by the drag of droplets on the air flow and droplet-blade wall-impinged loss. The water droplets evaporation effect is relatively large in the back stages, the amount of evaporation drops is much higher in the back stages than in the front stages, and even initial injecting of a relatively small size is completely evaporated before the position of the compressor outlet. Whether injecting water droplets can improve the performance of a multi-stage compressor is determined by the evaporation cooling effect and the loss that droplets bring. Figures 25 and 26 present the total temperature along the flow direction under different wet compression cases. Average total temperature is taken at each section in the rotor and stator passage. From the figures, we can see that the evaporation cooling effect of the water droplets to the air flow is relatively large in the back stages and the tendency increases with the decreasing of droplet size. It indicates that the evaporation cooling cumulative effect of smaller size droplets can fully be developed. From Figure 26 , it can be seen that the evaporation cooling effect in the back stages increases and then declines with the increasing water injecting rate, and as a result of the loss of water droplets, increases stage-by-stage.
to the different wet compression conditions, injecting water droplets can bring losses to a different extent. At the initial injecting time, the vaporization is relatively weak and there are so many unevaporated droplets with a very large size in the front stages that can bring about a large loss, such as resistance loss (the loss of airflow velocity) caused by the drag of droplets on the air flow and droplet-blade wall-impinged loss. The water droplets evaporation effect is relatively large in the back stages, the amount of evaporation drops is much higher in the back stages than in the front stages, and even initial injecting of a relatively small size is completely evaporated before the position of the compressor outlet. Whether injecting water droplets can improve the performance of a multi-stage compressor is determined by the evaporation cooling effect and the loss that droplets bring. Figures 25 and 26 present the total temperature along the flow direction under different wet compression cases. Average total temperature is taken at each section in the rotor and stator passage. From the figures, we can see that the evaporation cooling effect of the water droplets to the air flow is relatively large in the back stages and the tendency increases with the decreasing of droplet size. It indicates that the evaporation cooling cumulative effect of smaller size droplets can fully be developed. From Figure 26 , it can be seen that the evaporation cooling effect in the back stages increases and then declines with the increasing water injecting rate, and as a result of the loss of water droplets, increases stage-by-stage. Figures 27 and 28 show the relative total pressure distribution of each section at the rotor and stator passage along the axial direction under different wet injecting cases. From these two figures, it can be seen that the changing tendency of relative total pressure is lower in the front stages and higher in the back stages than that of the dry case and the extent is increases with a decreasing droplet size and increasing injecting rate. The total pressure difference of each wet case and dry case reaches its maximum at the outlet section of the fourth and fifth stage (corresponding to the 8th, 9th, 10 th , and 11th blade row) as a result of the inert loss that water droplets bring. The evaporation cooling effect develops in the back stages and it recovers the total pressure so that the total-pressure drop decreases with the decreasing in droplet size and the increasing in water injection rate. Figures 27 and 28 show the relative total pressure distribution of each section at the rotor and stator passage along the axial direction under different wet injecting cases. From these two figures, it can be seen that the changing tendency of relative total pressure is lower in the front stages and higher in the back stages than that of the dry case and the extent is increases with a decreasing droplet size and increasing injecting rate. The total pressure difference of each wet case and dry case reaches its maximum at the outlet section of the fourth and fifth stage (corresponding to the 8th, 9th, 10th, and 11th blade row) as a result of the inert loss that water droplets bring. The evaporation cooling effect develops in the back stages and it recovers the total pressure so that the total-pressure drop decreases with the decreasing in droplet size and the increasing in water injection rate.
higher in the back stages than that of the dry case and the extent is increases with a decreasing droplet size and increasing injecting rate. The total pressure difference of each wet case and dry case reaches its maximum at the outlet section of the fourth and fifth stage (corresponding to the 8th, 9th, 10 th , and 11th blade row) as a result of the inert loss that water droplets bring. The evaporation cooling effect develops in the back stages and it recovers the total pressure so that the total-pressure drop decreases with the decreasing in droplet size and the increasing in water injection rate. Figures 29 and 30 present the total pressure difference at each section between different wet compression and dry cases. The total pressure difference values are all negative in the front seven stages and are positive at the final stages of the outlet, except for the wet case with a droplet size 10 μm and water injecting rate of 3%. The results indicate that the total pressure ratio of the wet cases is always lower in the front stages than that of the dry cases and forereach that of the dry case in the back stages. A large size and number of water droplets can bring relatively large losses under the same water injecting rate. Figure 29 shows that the tendency of total pressure drop in the front stages increases with the decreasing droplet size as a result of larger losses caused by the large number of water droplets, especially in the case of an injecting rate of 1% and droplet size of 5 μm (the maximum total pressure drop value reaches 10.15 kPa). In the back three stages, the evaporative cooling effect of relatively smaller size droplets is so large that it can make up for the losses brought about by the water droplets and thus the total pressure improves obviously. The results in Figure 30 indicate that the accumulative effect of evaporative cooling in the back stages can compensate for the inert loss brought about by water droplets with the wet cases, which have an injecting rate below 3%. It can be inferred that when the water injecting rate increases above 3%, further negative effects of droplets develop. Although the evaporative cooling effect is reflected in the back stages, this is not enough to compensate for the loss brought about by the droplets, so the total pressure at the compressor outlet with wet cases will be lower than that of the dry cases. Figures 29 and 30 present the total pressure difference at each section between different wet compression and dry cases. The total pressure difference values are all negative in the front seven stages and are positive at the final stages of the outlet, except for the wet case with a droplet size 10 µm and water injecting rate of 3%. The results indicate that the total pressure ratio of the wet cases is always lower in the front stages than that of the dry cases and forereach that of the dry case in the back stages. A large size and number of water droplets can bring relatively large losses under the same water injecting rate. Figure 29 shows that the tendency of total pressure drop in the front stages increases with the decreasing droplet size as a result of larger losses caused by the large number of water droplets, especially in the case of an injecting rate of 1% and droplet size of 5 µm (the maximum total pressure drop value reaches 10.15 kPa). In the back three stages, the evaporative cooling effect of relatively smaller size droplets is so large that it can make up for the losses brought about by the water droplets and thus the total pressure improves obviously. The results in Figure 30 indicate that the accumulative effect of evaporative cooling in the back stages can compensate for the inert loss brought about by water droplets with the wet cases, which have an injecting rate below 3%. It can be inferred that when the water injecting rate increases above 3%, further negative effects of droplets develop. Although the evaporative cooling effect is reflected in the back stages, this is not enough to compensate for the loss brought about by the droplets, so the total pressure at the compressor outlet with wet cases will be lower than that of the dry cases.
indicate that the accumulative effect of evaporative cooling in the back stages can compensate for the inert loss brought about by water droplets with the wet cases, which have an injecting rate below 3%. It can be inferred that when the water injecting rate increases above 3%, further negative effects of droplets develop. Although the evaporative cooling effect is reflected in the back stages, this is not enough to compensate for the loss brought about by the droplets, so the total pressure at the compressor outlet with wet cases will be lower than that of the dry cases. Figures 31 and 32 show the variation of the gas density along the axial direction of each section of the blade passage under the dry and wet compression cases. It can be seen that the water evaporative process is progressive in the compression, so the gas medium density in the wet cases is larger than that in the dry cases and the tendency increases stage-by-stage. The improvement of gas medium density increases with the increasing injecting rate and the decreasing droplet size. The density elevation of the air-vapor mixture is reflected in the back four stages under the influence of different droplet sizes, but reflected in the back five stages under the influence of different water injecting rates. Compared to the dry case, the density of the air-vapor mixture in the compressor outlet only increases by 4.9%, 6.9%, and 7.8% with an injecting rate of 1% and droplet sizes of 20 μm, 10 μm, and 5 μm, respectively, and can reach 11.3%, 14.8%, and 20.4% with the droplet size of 10μm and injecting rates of 1.5%, 2%, and 3%, respectively. Figures 33 and 34 show the axial velocity change of gas medium in each section along the axial direction in the dry and wet compression cases. The change in the axial velocity of gas medium in the wet compression process can directly reflect the change law of the volume flow rate along the flow direction. The variation tendency of the axial velocity is the same with the volume flow rate under the same rotating speed, so we can observe the characteristic between the dry and wet compression cases using the change of axial velocity instead of the volume flow rate. From these two figures, it can be seen that inlet water injecting can make the front stages operating condition similar to the dry case, with relatively large flows. The results in these figures are consistent with the result of the total pressure characteristic. The increasing number of water droplets and water injecting rate can generate a much greater total pressure loss and in the front stages, the evaporative effect is relatively poor, so cannot compensate for the loss by water droplets. However, in the back stages, due to the evaporative capacity of water largely increasing, the evaporative effect is sufficient to compensate for the pressure loss. That is to say, the total pressure increment in the back stages is larger than that in the front stages, so it can make the back stages operating condition similar to the Figures 31 and 32 show the variation of the gas density along the axial direction of each section of the blade passage under the dry and wet compression cases. It can be seen that the water evaporative process is progressive in the compression, so the gas medium density in the wet cases is larger than that in the dry cases and the tendency increases stage-by-stage. The improvement of gas medium density increases with the increasing injecting rate and the decreasing droplet size. The density elevation of the air-vapor mixture is reflected in the back four stages under the influence of different droplet sizes, but reflected in the back five stages under the influence of different water injecting rates. Compared to the dry case, the density of the air-vapor mixture in the compressor outlet only increases by 4.9%, 6.9%, and 7.8% with an injecting rate of 1% and droplet sizes of 20 µm, 10 µm, and 5 µm, respectively, and can reach 11.3%, 14.8%, and 20.4% with the droplet size of 10µm and injecting rates of 1.5%, 2%, and 3%, respectively. Figures 33 and 34 show the axial velocity change of gas medium in each section along the axial direction in the dry and wet compression cases. The change in the axial velocity of gas medium in the wet compression process can directly reflect the change law of the volume flow rate along the flow direction. The variation tendency of the axial velocity is the same with the volume flow rate under the same rotating speed, so we can observe the characteristic between the dry and wet compression cases using the change of axial velocity instead of the volume flow rate. From these two figures, it can be seen that inlet water injecting can make the front stages operating condition similar to the dry case, with relatively large flows. The results in these figures are consistent with the result of the total pressure characteristic. The increasing number of water droplets and water injecting rate can generate a much greater total pressure loss and in the front stages, the evaporative effect is relatively poor, so cannot compensate for the loss by water droplets. However, in the back stages, due to the evaporative capacity of water largely increasing, the evaporative effect is sufficient to compensate for the pressure loss. That is to say, the total pressure increment in the back stages is larger than that in the front stages, so it can make the back stages operating condition similar to the dry cases, which have a relatively small flowrate. It seems that the operating state with wet compression is opposite to the compressor operating near the surge boundary, which presents the phenomenon of "former surged and back blocking". In the wet case with an injecting rate of 3%, compared to the wet case with an injecting rate that is relatively small (injecting rate 2%), it can be seen that when the water injecting rate increases by a certain degree, the number of unevaporated water droplets increases, in spite of the fact that the evaporative cooling effect is relatively large and the axial velocity of air-vapor medium decreases as a result of the large inert resistance generated by vast unevaporated water droplets. 
Conclusions
In this paper, the influence of water injecting at an eight-stage compressor inlet has been studied by considering the effect of secondary aerodynamic breakup and droplet-blade impinged breakup under different injecting rates and droplet sizes. The water droplet movement and evaporative condition with different breakup models have been studied under different rotating speeds. The changes of the multistage compressor performance with wet compression at its design operating point and the 3-D flow distribution in the whole passage have been investigated. Finally, the compressor stage-by-stage performance at the design operating condition with different wet compression cases has been studied. Based on the research and results, the following conclusions can be made.
For a multistage compressor, the inlet mass flow near the stall and chocking boundary can be improved with water droplet injecting. The evaporative cooling effect is remarkable in the wet compression process. The consumption of specific compression work with wet compression with an appropriate injecting rate is obviously lower than dry compression when using the same total pressure ratio. Moreover, the compressor can operate with a relatively high efficiency in a wide working range. 
For a multistage compressor, the inlet mass flow near the stall and chocking boundary can be improved with water droplet injecting. The evaporative cooling effect is remarkable in the wet compression process. The consumption of specific compression work with wet compression with an appropriate injecting rate is obviously lower than dry compression when using the same total pressure ratio. Moreover, the compressor can operate with a relatively high efficiency in a wide working range.
According to the movement and evaporative condition of water droplets in the compressor under different rotating speeds and different breakup models, the effect of aerodynamic breakup can be ignored when the droplet size less than 20 µm and the effect of water droplet impinged with the blade wall needs to be taken into account when the droplet size is larger than 5 µm. A relatively small size water droplet can completely evaporate upstream or at the position of the compressor outlet and the completely evaporative position becomes further forward with an increasing rotating speed. The phenomenon of radial migration is obvious, especially with the case of relatively large size droplets and the radial migration tendency of large size droplets increases with the increasing rotating speed.
Whether injecting water droplets improves the performance of a multi-stage compressor is determined by the evaporation cooling effect and the inert loss that droplets bring. The accumulated evaporative cooling effect can fully reflect the compressor back stages. As measured in the axial velocity or volume flow rate of the air-vapor mixture, injecting water at the compressor inlet can make the working condition in the front stages close to the dry case of relatively large flow rates and that in back stages close to the dry case of relatively small flow rates. This working condition is more significant with an increasing injecting rate and decreasing droplet size. In addition, the operating state with wet compression is opposite to the compressor operating near the surge boundary, which presents the phenomenon of "former surged and back blocking". It is therefore shown that inlet injecting water can be used as a technology for controlling the rotating stall in the compressor. 
